Highly active diesel oxidation catalyst for the oxidation of diesel hydrocarbons, with minimal use of platinum group metals, was developed. Pt/Al2O3 showed the highest activity for total oxidation of a mixture of n-decane and 1-methylnaphthalene as model fuel-originated hydrocarbons even after high temperature aging at 750 for 5 h in air. The surface density of acid sites on Al2O3 was found to be important to stabilize the Pt surface in the active metallic state, resulting in high hydrocarbon oxidation activity. The catalytic activity of Pt/Al2O3 was strongly dependent on the Pt dispersion. Based on the findings of in-situ FT-IR spectroscopy, a reaction mechanism was proposed, in which acrylate species as reaction intermediate formed on Pt migrates to the acid-base centers of the Al2O3 surface and then reacts with O2 to form CO2. On the basis of these findings, we successfully developed highly active diesel oxidation catalyst by the addition of Pd with Pt/Pd weight ratio of 3/1 and the use of Al2O3 support modified with acidic additives such as WO3.
Introduction
Diesel engine vehicles are attracting increasing interest, primarily due to the high fuel efficiencies and associated reduced CO2 emissions. However, diesel engines also emit various hazardous pollutants such as nitrogen oxides (NOx), CO, hydrocarbons (HCs) and particulate matter (PM), which all cause problems for human health and the environment, and emission regulations are becoming increasingly more rigorous worldwide.
A catalytic converter system is one of the most promising solutions to reduce these pollutants in exhaust gases. For example, a typical after-treatment system for heavyduty diesel vehicles consists of diesel oxidation catalyst (DOC), diesel particulate filter (DPF) and NOx selective catalytic reduction (SCR). The DOC has three primary functions in an integrated emission control system: to oxidize CO and HCs in the exhaust 1) 3) , to burn a large amount of fuel periodically supplied by post-injection for regeneration of the DPF 4) and to oxidize NO to NO2 for enhanced low-temperature NOx reduction by SCR 5) . However, the temperature of exhaust gas emissions from diesel engines has been decreased by the introduction of exhaust gas recirculation (EGR) systems to efficiently reduce engine-exhaust NOx levels. Therefore, the DOC is needed to completely oxidize CO and HCs at low temperatures. The DOC requires relatively large amounts of Pt, which is mainly employed as a catalyst component because of its high performance for hydrocarbon oxidation 6) 10) . However, reduction in the use of Pt is now gaining extensive attention because the total demand for Pt for automotive catalysts is growing due to increasing environmental awareness 11) . Extensive research has been performed to improve the activity and durability of DOC 12) 15) . For example, Agarwal and Spivey 16) reported that Ni-doped Pt/ Al2O3 catalyst exhibits high activity and durability for the total oxidation of HCs (mixture of C5-C9 hydrocarbons). Ntainjua et al. 17) evaluated the catalytic activity of various supported Pt catalysts (Pt/Al2O3, Pt/TiO2, Pt/ SiO2, Pt/SnO2 and Pt/CeO2) for the total oxidation of naphthalene and found that Pt/Al2O3 and Pt/SiO2 showed high catalytic performance. Addition of Pd to supported Pt catalysts was also effective for the suppression of Pt sintering in oxidizing atmospheres, leading to improved activity and durability of DOC 10),18) 21) . Aluha et al. 22) also reported that Pt _ Pd bimetal catalyst supported on Al2O3 modified with MoO3 shows high catalytic activity for CO and C3H8 oxidation even in the presence of 20 ppm SO2.
DOCs are required to catalytically oxidize fueloriginated hydrocarbons at the lowest temperature possible. Diesel fuel contains long-chain and polycyclic aromatic hydrocarbons in the C10-C20 range 1), 23) . The catalytic performance of supported Pt catalysts for the total oxidation of HCs is strongly dependent on the structure of the hydrocarbon molecules 6) . Therefore, the use of a mixture of the two to evaluate the catalytic performance of a diesel oxidation catalyst is important from a practical point of view.
This review article describes our recent findings in the development of highly active diesel oxidation catalyst for the oxidation of a mixture of n-decane and 1-methylnaphthalene as a model for fuel-originated hydrocarbons, intended to minimize the use of platinum group metals for diesel oxidation catalyst.
Catalytic Activity of Supported Pt Catalysts for
Hydrocarbon Oxidation 24) The catalytic activity of Pt catalysts supported on various oxides was evaluated to identify suitable support oxides for Pt. Supported Pt (1 wt%) catalysts were prepared by impregnation of commercial support oxides, as summarized in Table 1 , with a solution of Pt(NO2)2(NH3)2, followed by drying and calcination at 600 for 5 h in air. The catalyst sample was finally aged at 750 for 50 h in air. The catalysts before and after aging were abbreviated as "fresh" and "aged," respectively. The catalytic activity was evaluated by passing a reaction gas mixture containing NO (200 ppm), n-decane (1780 ppmC), 1-methylnaphtalene (220 ppmC), O2 (5 %) and H2O (10 %) diluted in N2 as the balance gas at a rate of 500 cm 3 min -1 over 30 mg of catalyst in a flow reactor system. The catalytic activity was measured while decreasing the temperature from 600 to 100 at a rate of 10 min -1 . Figure 1(a) shows the activity of supported Pt catalysts (fresh) for the total oxidation of a hydrocarbon mixture of n-decane and 1-methylnaphthalene. The activity of supported Pt catalysts was strongly dependent on the type of support Fig. 1(b) , after aging the catalyst at 750 for 50 h, the catalytic activity was decreased for all catalysts. Significant activity depression was observed for Pt/CeO2 and Pt/CeO2 _ ZrO2. Pt/Al2O3 still showed the highest catalytic activity of the tested catalysts. Accordingly, Pt/Al2O3 catalyst was found to be relatively stable toward high temperature aging. Table 1 summarizes the BET surface area and Pt dispersion of fresh and aged catalysts. Since significant decreases in Pt dispersion were observed after aging, the decrease in catalytic activity can be ascribed to sintering of Pt particles. However, no clear correlation was observed between Pt dispersion and catalytic activity. In particular, Pt/ZrO2 showed the highest Pt dispersion (CO/Pt 0.24), but exhibited lower catalytic activity than Pt/Al2O3 (CO/Pt 0.01). This finding suggests that metal oxide support can affect the catalytically active state of Pt surface, since the catalytic activity of Pt/Al2O3 is strongly dependent on the Pt dispersion and the valence state of the Pt surface, as will be described below.
Since Pt/Al2O3 was found to effectively catalyze the hydrocarbon oxidation reaction even after aging, Pt/ Al2O3 catalysts were prepared using different four Al2O3 supports to investigate the essential role of Al2O3 for hydrocarbon oxidation. Figure 2 shows the activity of Pt/Al2O3 catalysts (fresh) for the total oxidation of HCs. Table 2 summarizes the BET surface area and Pt dispersion of the Pt/Al2O3 samples. Although Pt/Al2O3-A and Pt/Al2O3-D possess similar BET surface areas, Pt dispersion was higher for Pt/Al2O3-D than for Pt/Al2O3-A. Figure 2 shows that Pt/Al2O3-D showed higher activity than Pt/Al2O3-A, suggesting the importance of Pt dispersion on the activity for total oxidation of HCs. On the other hand, the activity of Pt/ Al2O3-B was higher than that of Pt/Al2O3-C, although their Pt dispersions were very similar. Therefore, the activity of Pt/Al2O3 seems to be dependent on not only Pt dispersion but also other factors such as the function of the Al2O3 support.
Al2O3 did not show oxidation activity (results not shown), so Pt must be the catalytically active component for the total oxidation of HCs. The hydrocarbon oxidation activity of supported Pt depends on the valence state of its surface 25),26) . To examine the valence state of the Pt surface supported on Al2O3, Fourier transform infrared (FT-IR) spectra were measured of CO species adsorbed on Pt/Al2O3 after oxidation pretreatment in a flow of 10 % O2/He at 600 , because the catalytic reaction was carried out under oxidizing conditions. As shown in Fig. 3 , exposure of CO to Pt/ Al2O3 gave an IR band at around 2100 cm -1 due to CO species linearly adsorbed on Pt 27) 31) . However, this band position varied slightly depending on the Al2O3 support. CO species adsorbed on Pt/Al2O3-A (spectrum a), Pt/Al2O3-B (spectrum b) and Pt/Al2O3-D (spectrum d) gave a strong IR band at 2104 cm -1 , whereas CO on Pt/Al2O3-C (spectrum c) gave an IR band at 2115 cm -1 . The interaction between CO and the Pt surface, reflected in the wavenumber of the IR band, is strongly dependent on the valence state of the Pt surface 27), 30) 33) . CO species bonded on Pt in the metallic state gives rise to an IR band at lower wavenumber compared with Pt in the slightly cationic state. Therefore, the surface of Pt supported on Al2O3-A, Al2O3-B and Al2O3-D was considered to be in the slightly metallic state compared with that on Al2O3-C. As can be seen in Fig. 2 , the former three catalysts, Pt/ Al2O3-A, Pt/Al2O3-B and Pt/Al2O3-D, showed higher activity for total oxidation of HCs than Pt/Al2O3-C. This result suggests that Pt in the slightly metallic state supported on Al2O3 forms the catalytically active sites for the total oxidation of HCs. The valence state of Pt supported on metal oxide is known to vary depending on the surface acidity of the metal oxide used as support 26) , 34) . The surface of Pt particles supported on Y-stabilized ZrO2 with high Y content is stabilized in the cationic state 35) , 36) , due to the strong interaction between Pt and Y2O3 as basic sites. Therefore, the surface acidity and basicity of Al2O3 must be evaluated.
The present study measured NH3-temperatureprogrammed desorption (TPD) and CO2-TPD profiles of Al2O3-B and Al2O3-C to clarify the differences in the surface valence state of Pt. As given in Table 3 , the amount of NH3 desorption from Al2O3-C was greater than that from Al2O3-B, indicating that Al2O3-C has a large number of acid sites. Since the surface area of Al2O3-C was higher than that of Al2O3-B (Table 2) , the number of acid sites normalized by surface area, which corresponds to the surface density of acid sites, was evaluated. As summarized in Table 3 , the surface density of acid sites was slightly higher for Al2O3-B than for Al2O3-C. The high surface density of acid sites on Al2O3 seems to be important to stabilize the Pt surface in the metallic state. Table 3 also summarizes the results of CO2-TPD measurements. The amount of CO2 desorption from Al2O3-C was higher than that from Al2O3-B, probably due to the high surface area of Al2O3-C. The surface density of the basic sites was also rather higher for Al2O3-C than for Al2O3-B, suggesting that Pt particles can interact with a number of basic sites on Al2O3-C. The high surface density of basic sites for Al2O3-C would be related to the high dispersion of Pt particles in the slightly cationic state, resulting in low hydrocarbon oxidation activity.
These findings indicate that the surface acidity and basicity of Al2O3 are important factors to determine the activity of supported Pt for the total oxidation of HCs.
Effect of Pt Dispersion on the Activity of Pt/ Al2O3
37), 38) The catalytic reaction predominantly occurs on the catalyst surface, so the particle size of the platinum group metal (PGM) is one of the important factors to determine the catalytic activity. For example, Gandhi and Shelef 39) reported that alkane oxidation on automotive catalysts with highly dispersed PGMs is relatively slow and the catalyst including too large particles also becomes less efficient due to a lower fraction of surface atoms. This observation suggests the presence of an optimum particle size, which may be determined by the surface properties of the PGMs including morphology, crystal face and electron density. On the other hand, Gololobov et al. 40) reported that the specific activity of 0.8 wt% Pt/Al2O3 for the total oxidation of C1-C6 n-alkanes increased with greater Pt particle size. The effect of particle size on the activity of supported Pt catalysts also seems to depend on the types of hydrocarbons in the feed.
We have prepared Pt/Al2O3, which showed higher hydrocarbon oxidation activity as described above, with different Pt dispersions by controlling the preparation conditions to investigate the effect of Pt dispersion state on the total oxidation of a mixture of n-decane and 1-methylnaphthalene. The 1 wt% Pt/Al2O3 catalyst was prepared by impregnation of Al2O3 (Mizusawa Industrial Chemicals, Ltd., GP-20) with a solution of Pt(NO2)2(NH3)2 and calcined at 600 and 650 for several hours in air to obtain different Pt dispersions. As summarized in Table 4 , Pt/Al2O3 catalysts with different Pt dispersions ranging from 0.07 to 0.48 were successfully prepared. as a function of Pt dispersion, where TOF is expressed as moles of hydrocarbon mixture (n-decane 1-methylnaphthalene) oxidized to CO2 per mole of surface Pt atoms per minute, with the reaction rate for hydrocarbon oxidation to CO2 measured under nearly differential conditions resulting in hydrocarbon conversion 20 % by varying the catalyst weight. It is of interest that the TOF increased with a decrease in Pt dispersion and reached the maximum at Pt dispersion of 0.39. Further decrease in Pt dispersion caused a decrease in the TOF. The optimal Pt dispersion for the total oxidation of hydrocarbon mixture seems to be around 0.40.
As described above, the valence state of the Pt surface supported on Al2O3 is one of the factors affecting the hydrocarbon oxidation activity. To examine the valence state of the Pt surface supported on Al2O3, FT-IR spectra of CO species adsorbed on Pt/Al2O3 with different Pt dispersions were measured, after Pt/Al2O3 had been oxidized as pretreatment in a flow of 10 % O2/ He at 600 , because the catalytic reaction was carried . The intensity of this IR band at 2103 cm -1 decreased with lower Pt dispersion and finally disappeared for Pt/Al2O3 with DPt 0.07 (spectrum e). Instead of the IR band at 2103 cm -1 , a new IR band at 2095 cm -1 appeared for Pt/Al2O3 with Pt dispersion lower than 0.39 (spectra c-e). As the CO species bonded on Pt in the metallic state causes an IR band at lower wavenumber compared with CO species bonded on Pt in the slightly cationic state 27),31), 32) , the surface of large Pt particles seems to be in the slightly metallic state even under oxidizing conditions. Pt/Al2O3 with Pt dispersion lower than 0.39 includes two Pt species giving IR bands at 2103 cm -1 and 2095 cm -1 . Since Pt/Al2O3 with DPt 0.07 showed s l i g h t l y h i g h e r T O F t h a n t h a t w i t h DPt 0.48 ( Fig. 4(b) ), Pt in the slightly metallic state causing the IR band at 2095 cm -1 seems to be the highly active sites. From the spectral deconvolution, the width of the IR band at 2095 cm -1 was found to be narrowed with decreasing Pt dispersion from 0.39 to 0.07. This finding suggests that Pt/Al2O3 with DPt 0.39 includes multiple Pt species in the metallic state with slightly different valence states on which CO can be adsorbed with different bond strengths. This would be responsible for the high catalytic activity of Pt/Al2O3 with DPt 0.39. The interface between Pt species in the metallic state and the Al2O3 support may be involved in the catalytically active sites.
Mechanistic Study of Hydrocarbon Oxidation
over Pt/Al2O3 by In-situ FT-IR Spectroscopy 41) As described above, the surface density of acidic and basic sites on Al2O3 affects the catalytic performance of Pt/Al2O3 for the total oxidation of HCs. High surface density of acid sites on Al2O3 is important to stabilize the Pt surface in the catalytically active metallic state, leading to high hydrocarbon oxidation activity. However, the difference in the catalytic activity of Pt/ Al2O3 is difficult to explain based on the surface densities of acidic and basic sites on Al2O3. In particular, the participation of Al2O3 in the hydrocarbon oxidation reaction is suspected. To clarify the involvement of Al2O3 in the reaction, we performed a systematic in-situ FT-IR study of the formation and reaction of adsorbed species during the total oxidation of a hydrocarbon mixture over Pt/Al2O3.
FT-IR spectra of the surface species formed on 1 wt% Pt/Al2O3, which was prepared by using a commercial Al2O3 supplied by Mizusawa Industrial Chemicals, Ltd. (GP-20), were recorded with a Nicolet 6700 FT-IR spectrometer by passing a reaction gas consisting of ndecane (1780 ppmC), 1-methylnaphthalene (220 ppmC) and O2 (5 %) with the balance of He at a flow rate of 30 cm 3 min -1 over a self-supporting sample disk (14 mg cm -2 ). Figure 6 shows the FT-IR spectra recorded during the total oxidation of the hydrocarbon mixture over Pt/ Al2O3 at 150-350 under steady-state conditions. Distinct IR bands at around 1656, 1575, 1462, 1393 and 1314 cm -1 assigned to carbonate and/or carboxylate species 42) 44) were observed over the entire temperature range. The intensity of these bands increased at higher reaction temperature. In addition, the IR bands at around 2965, 2932 and 2861 cm -1 assigned to the adsorbed hydrocarbon species 42) decreased with higher reaction temperature. A small IR band at around 2093 cm -1 , assigned to CO species linearly adsorbed on Pt 27) 31) , was also detected, suggesting that CO is formed on the surface. However, gaseous CO as a product was not detected in a series of catalytic activity tests.
To obtain information on the reactive adsorbed species, which acts as an intermediate species, for the total oxidation of the hydrocarbon mixture, we measured the change in the FT-IR spectra of the adsorbed species with reaction time on Pt/Al2O3 at 150 after introducing the reaction gas. As shown in Fig. 7 , weak but distinct IR bands were observed at 1653, 1436 and 1227 cm -1 in the first 1 min. These IR bands increased with reaction time up to 10 min, and then decreased with further time on stream. According to previous studies 42),45), 46) , the IR bands at 1653, 1436 and 1227 cm to the acrylate species in the 1249-1192 cm -1 region formed on Pt/Al2O3 at 150-300 . Interestingly, the initial rates for the formation of acrylate species were very similar irrespective of the reaction temperature. On the other hand, the apparent consumption rate of the acrylate species increased with higher reaction temperature. Figure 8(b) shows the MS profile of CO2 as a product, normalized by Ar obtained during the reaction at 150-300 . In accordance with the apparent consumption rate of the acrylate species, the initial rate for the formation of CO2 increased with higher reaction temperature. These results suggest that the acrylate species participates as a reaction intermediate in the total oxidation of the hydrocarbon mixture. The reaction of the acrylate species appears to be a slow step in the reaction on Pt/Al2O3.
To confirm the participation of the acrylate species as an intermediate, we examined the reactivity of the acrylate species with O2. The acrylate species was first formed on the surface of Pt/Al2O3 by exposing a reaction gas mixture containing n-decane, 1-methylnaphthalene, O2, Ar and He to the self-supporting sample disk at 200 and 250 for 230 s, and then n-decane and 1-methylnaphthalene were removed from the reaction gas. Figure 9 shows the response of the integrated area of the bands assigned to the acrylate species and MS profiles of CO2 detected at 250 . Obviously, 41) formation and accumulation of the acrylate species were observed under reaction conditions containing hydrocarbons. When the hydrocarbons were removed from the reaction gas, a simultaneous decrease in the acrylate species and increase in CO2 formation were observed, indicating that the acrylate species is a reactive species forming CO2 as a product. The apparent consumption rate of the acrylate species (ras) and the formation rate of CO2 (rCO 2 ) can be estimated from the slopes of their curves, because a sufficient amount of the acrylate species for the reaction with O2 is probably present on the catalyst surface. Both reaction rates increased as the reaction temperature increased: the consumption rate of the acrylate species increased from 7.0 10 -4 a.u. No acrylate species formation was observed on only the Al2O3 support, indicating that Pt is the catalytically active component for the formation of the acrylate species. The acrylate species formed in the selective reduction of NO with C3H6 over Ag/Al2O3 is known to interact with the appropriate acid-base centers of the Al2O3 surface 45) , so the Al2O3 support may act as an adsorption site for the acrylate species. As the acrylate species can readily react with O2 to form CO2 (Fig. 9) , the acrylate species formed on Pt would migrate and be adsorbed on the appropriate acid-base centers of the Al2O3, which is present at the boundary with the Pt particles. 47) Although Pt/Al2O3 was found to be the most effective diesel oxidation catalyst, deactivation after aging at 750 for 50 h was a major problem requiring improvement. The main cause of the deactivation was thermal sintering of Pt particles. Morlang et al. 21) reported that Pt sintering is suppressed in bimetallic Pt/Pd diesel oxidation catalyst by the formation of Pt _ Pd alloy after high temperature aging, resulting in high catalytic activity for CO and C3H6 oxidation. We investigated the effect of Pd additive on the catalytic performance of Pt/Al2O3 for the total oxidation of the model hydrocarbon mixture of n-decane and 1-methylnaphthalene as fuel-originated hydrocarbons.
Bimetallic PtPd Diesel Oxidation Catalyst
1 wt% PtPd/Al2O3 with different Pt/Pd weight ratios (1/0, 3/1, 1/1, 1/3, 0/1) were prepared by coimpregnation of commercial Al2O3 (Mizusawa Industrial Chemicals, Ltd., GP-20) with a solution of Pt(NO2)2(NH3)2 and Pd(NO2)2(NH3)2. The catalyst samples were calcined at 600 for 5 h in air (fresh) and finally aged at 750 for 50 h in air (aged). Table 5 summarizes the dispersion of PtPd in fresh and aged catalysts. The dispersion of PtPd in the fresh catalyst was clearly increased when Pd was added to Pt or vice versa. The highest dispersion was attained at the Pt/Pd weight ratio of 1/1. Although high temperature aging caused a significant decrease in the dispersion of Pt, Pd clearly suppressed the sintering of Pt particles. PtPd/Al2O3 with Pt/Pd weight ratio of 1/3 gave the highest PtPd dispersion after aging. Table 5 also summarizes the lattice constant of Pt, calculated for the XRD peak assigned to Pt(111). The lattice constant of Pt decreased with increasing Pd content up to Pt/Pd weight ratio of 1/1. In another set of experiments, we observed a linear decrease in the lattice constant of Pt when 0.1-1.2 wt% Pd was added to 2.4 wt% Pt/Al2O3, indicating the formation of Pt _ Pd alloy. In the present study, we conclude that Pt _ Pd alloy is formed in PtPd/Al2O3 with Pt/Pd 3/1, 1/1 and 1/3, and is important for stabilization against sintering by high temperature aging. Figure 10 shows the catalytic activity of PtPd/Al2O3 with different Pt/Pd weight ratios after aging (aged) for the total oxidation of the hydrocarbon mixture. Pt/ Al2O3 was the least active catalyst, probably due to severe sintering of Pt particles by aging. The combination of Pt with a small amount of Pd, corresponding to a Pt/Pd weight ratio of 3/1 resulted in significant enhancement of the hydrocarbon oxidation activity of Pt/Al2O3. However, further increase in the Pd content caused the decrease in hydrocarbon oxidation activity, although PtPd/Al2O3 with Pt/Pd 1/1 and 1/3 showed higher PtPd dispersion than with Pt/Pd 3/1 ( Table 5) . The catalytic activity of Pt/Al2O3 was dependent on not only Pt dispersion but also the surface valence state of Pt particles, so the surface properties, such as surface composition of Pt and valence state of Pt, of alloyed Pt _ Pd particles after aging are likely to differ depending on the Pt/Pd weight ratio. The surface valence state of alloyed Pt _ Pd particles dispersed on the Al2O3 support was investigated by measuring FT-IR spectra of CO species adsorbed on aged PtPd/Al2O3 catalysts pretreated in a flow of 10 % H2/He at 400 . As seen in Fig. 11 (a) , exposure of CO to Pt/Al2O3, followed by purging with He, gave a very weak IR band at 2097 cm -1 , which can be assigned to CO species linearly bonded on Pt 0 sites, in agreement with the IR spectrum observed for Pt/Al2O3 with low Pt dispersion ( Fig. 5 (e) ). When CO was adsorbed on Pd/Al2O3 (Fig. 11 (e) . As can be seen in Fig. 11 (c) and (d) , CO adsorption on PtPd/Al2O3 with Pt/Pd 1/1 and 1/3 gave rise to a very similar IR spectrum to that for Pd/Al2O3, suggesting that most Pd species were independently dispersed on the Al2O3 support without interaction with Pt.
PtPd/Al2O3 with Pt/Pd 3/1 ( Fig. 11 (b) ), which showed the highest hydrocarbon oxidation activity (Fig. 10) 51) , although formation of Pt _ Pd alloy particles with Pd-enriched surface was suggested. We concluded that the presence of Pt atoms on the surface of Pt _ Pd particles, which are highly dispersed on the Al2O3 support even after aging treatment, are responsible for the high catalytic activity for total oxidation of the hydrocarbon mixture.
Effect of Modified-Al2O3 on the Activity of
Bimetallic PtPd Catalysts 47) As described before, the surface density of the acidic sites on Al2O3 was found to be one of the factors determining the catalytic activity of Pt/Al2O3. Uchisawa et al. 52) investigated the oxidation of n-decane over Pt supported on mesoporous SiO2 doped with secondary component metals (Al, Zr, Ti, Ce, La, Ca, Mg) via a sol-gel technique, and found that materials with greater Pt dispersion and more acidic sites exhibited higher activity. In addition, the hydrocarbon oxidation activity of Pt/ Pd-based diesel oxidation catalyst was found to be linearly increased with higher SiO2 doping of the Al2O3 support 53) . Based on the surface acid and base properties of SiO2-doped Al2O3 estimated by NH3-TPD and CO2-TPD, a decrease in the number of basic sites is among the primary factors associated with improvements in the catalytic activity for diesel hydrocarbon oxidation. Sasaki et al. 54) also reported that addition of acidic additives (Nb2O5 and WO3) to Al2O3 caused an increase in the activity of Pt/Al2O3 for NO oxidation to NO2, suggesting that acidic additives maintain the Pt sites in the highly active metallic state. To improve . Reaction conditions as for Fig. 1 . Aging at 750 for 50 h the catalytic performance of PtPd/Al2O3 with Pt/Pd weight ratio of 3/1, which showed the highest activity ( Fig. 10) , for the total oxidation of hydrocarbon mixture, we examined the modification of Al2O3 by acidic additives. Modification of Al2O3 with various additives (W, Nb, and S) was carried out by impregnation of Al2O3 (Mizusawa Industrial Chemicals, Ltd., GP-20) with s o l u t i o n s o f ( N H4)10( H2W12O42)4H2O , H N b O3 o r (NH4)2SO4, respectively, followed by drying at 110 overnight and calcination at 600 for 5 h in air. Deposition of PtPd with Pt/Pd weight ratio of 3/1 on modified-Al2O3 support was carried out as described before. The resulting catalyst powder was finally aged at 750 for 50 h in air. The samples are named PtPd/ M(x)/Al2O3, where M and x are the metal oxide additive and its loading in wt%, respectively. Figure 12 shows the catalytic activity of aged PtPd/ M(1)/Al2O3 for the total oxidation of hydrocarbon mixture, where the loading of WO3, Nb2O5 and sulfate (SO4 2-) as acidic additives was 1 wt%. The addition of acidic additives increased the hydrocarbon oxidation activity of PtPd/Al2O3. Among the catalysts tested here, WO3-doped PtPd/Al2O3 catalyst showed the highest hydrocarbon oxidation activity.
To evaluate the effect of acidic additives, we performed detailed investigations on PtPd/W/Al2O3 with different WO3 contents. Figure 13 shows the catalytic activity of aged PtPd/W/Al2O3 with Pt/Pd weight ratio of 3/1 for the total oxidation of the hydrocarbon mixture. Obviously, the addition of 1 wt% WO3 caused significant increase of the hydrocarbon oxidation activity of PtPd/Al2O3, whereas further increase in WO3 content up to 5 wt% decreased the hydrocarbon oxidation activity. Therefore, the optimum content of WO3 was 1 wt%.
The surface acidic property of WO3 _ Al2O3 was examined by measuring FT-IR spectra following CO adsorption at room temperature, because CO has some advantages as a probe molecule for characterization of acidic sites such as high sensitivity of the frequency of IR band to the strength of acidic sites due to its very weak basicity 55) 58) . Figure 14 shows the FT-IR spectra of CO species adsorbed on W/Al2O3 with different WO3 contents at room temperature, followed by evacuation at room temperature for 5 min. Obviously, the weak but distinct CO stretching band assigned to CO adsorbed on Lewis acidic sites was observed at . Reaction conditions as for Fig. 1 . . Reaction conditions as for Fig. 1 . , the 2238 cm -1 band can be assigned to CO species adsorbed on tetrahedral Al 3 sites with unshared coordinative vacancies. The most intense IR band at 2238 cm -1 was found for the W(1)/Al2O3 sample, indicating that addition of 1 wt% WO3 effectively increased the number of tetrahedral Al 3 sites with unshared coordinative vacancies, related to the increase in strong Lewis acidic sites, as described above.
The interaction of Pt with acidic sites on Al2O3 can maintain the Pt sites in the highly active metallic state for hydrocarbon oxidation 25),26) . To confirm the difference in the surface valence state of PtPd supported on W/Al2O3 with different W contents, the FT-IR spectra were measured of CO species adsorbed on aged PtPd/ W/Al2O3 catalysts pretreated in a flow of 10 % O2/He at 600 . As seen in Fig. 15 assigned to CO species linearly bonded on Pt 0 site. In accordance with the results observed for Pt/Al2O3 described before, the surface of Pt supported on W(1)/ Al2O3 seems to be in the slightly metallic state compared with that on other W/Al2O3. The creation of strong Lewis acidic sites by addition of 1 wt% WO3 to Al2O3, leading to the formation of Pt surface in the slightly metallic state, is probably responsible for the high hydrocarbon oxidation activity of PtPd/W(1)/ Al2O3 (Fig. 13). 
Conclusions
The present review introduced the development of highly active diesel oxidation catalyst for the oxidation of diesel hydrocarbons, leading to the minimal use of platinum group metals. The catalytic activity of supported Pt catalysts was strongly dependent on the metal oxide support, and Pt/Al2O3 provided a highly active and thermally stable catalyst. The surface acidity of Al2O3 was one of the important factors to determine the activity of supported Pt catalyst. Modification of Al2O3 with various acidic additives such as WO3, Nb2O5 and sulfate (SO4 2- ) was effective to improve the catalytic performance as diesel oxidation catalyst. Bimetallic PtPd catalyst supported on modified Al2O3 support was developed as a candidate for highly active diesel oxidation catalyst. Catalyst design on the basis of understanding the roles of catalyst components including the support oxide would be useful for the development of diesel oxidation catalysts. 
